Introduction
[2] Mercury has global-scale shape, gravity and tectonic characteristics which are presumably related to its formation and early evolution, and which remain poorly understood. Now that the MESSENGER spacecraft is taking new data , it is appropriate to reevaluate what constraints these global-scale features place on Mercury's history. In doing so, we will build on analyses based on Mariner 10 observations (detailed below) as well as more recent theoretical developments concerning the global gravity and tendency to reorient of tidally and rotationally deformed bodies [e.g., Garrick-Bethell et al., 2006; Nimmo, 2007, 2008] . We will conclude that Mercury's gravity field and many of its tectonic features were generated during an early epoch when its rotation rate was declining from an initially rapid rate, and which involved a true polar wander event driven by the formation of a mass excess associated with the Caloris Basin.
[3] The rest of this paper is organized as follows. The remainder of section 1 will summarize relevant work in the field, while section 2 will examine how changes in orbital eccentricity, semimajor axis, planetary rotation rate and pole orientation affect the global-scale shape, gravity and stress patterns. Section 3 discusses how the observed gravity and tectonic features constrain which of these effects is likely to have played a role. Section 4 discusses the implications of our favored scenario (a high initial spin rate and subsequent reorientation event) and makes predictions which may be tested with MESSENGER observations. Finally, details of our calculations are presented in the appendices.
[4] Mercury's present-day 3:2 spin-orbit resonance presumably occurred as the initial spin rate of the planet decreased because of solar tides [e.g., Peale, 1988] , although how capture into this particular resonance occurred depends on the poorly understood nature of dissipation within Mercury. Dissipation within Mercury is unlikely to have been sufficient to have greatly reduced its eccentricity (current e = 0.205), which is forced to high values by secular perturbations [Murray and Dermott, 1999] . Dissipation within the Sun is equally unlikely to have significantly affected its semimajor axis.
[5] Mariner 10 flybys provided constraints on the degree-2 gravity coefficients of the planet [Anderson et al., 1987] . Radar ranging provided global shape measurements around the equator [Anderson et al., 1996] , and a single MESSEN-GER altimetry profile yielded an identical equatorial ellipticity, within error [Zuber et al., 2008] . The equatorial ellipticity was interpreted together with the equatorial degree-2 gravity coefficient to infer a thick (100 -300 km) crust [Anderson et al., 1996] . Estimates of crustal thickness from relaxation studies [e.g., Watters et al., 2005; Nimmo and Watters, 2004 ] yield values at the lower end of this range.
[6] Mercury exhibits a global pattern of tectonic features [Melosh and McKinnon, 1988; Watters and Nimmo, 2008] . Most of these features (lobate scarps and wrinkle ridges) are thought to be compressional in origin, equivalent to a radial contraction of <1 km [Watters et al., 1998 ], though the nonuniform orientation and distribution of these features may point to regional-scale or nonisotropic stresses being important . Contraction is expected to arise as a result of core solidification [Solomon, 1976] , while despinning and reorientation may also have played a role [Melosh and McKinnon, 1988; Watters and Nimmo, 2008] .
[7] The most dramatic single feature on Mercury is the Caloris impact basin [e.g., Murchie et al., 2008] . There are at least two ways in which such an impact basin could generate tectonic features. First, its formation (perhaps combined with the emplacement of surrounding volcanic plains) and its subsequent infilling and relaxation could generate local tectonic features [e.g., Melosh and McKinnon, 1988; Watters et al., 2005; Kennedy et al., 2008] . Second, unless Caloris were exactly isostatically compensated, it would have caused planetary reorientation [e.g., Melosh and Dzusirin, 1978a; Willemann, 1984] , which in turn generates global tectonic stresses [Melosh, 1980] . It is generally assumed that Caloris represents a mass excess, similar to the mass concentrations on the Moon [Muller and Sjogren, 1968] . However, the location of the load could be either within the basin, and responsible for the compressional features there [Melosh and McKinnon, 1988] , or it could be in an annulus of volcanic plains emplaced around the basin [Melosh and Dzurisin, 1978b] . Melosh and Dzurisin [1978a] and Willemann [1984] used the location of Caloris and the degree-2 gravity coefficients to infer lower and upper bounds on the uncompensated annular fill thickness of 0.4 and 5 km, respectively. We treat the issue of Caloris loading and reorientation in some detail below.
[8] The amount of reorientation depends on the compensation state, and thus the effective elastic thickness T e of the feature in question. Direct measurements of T e for Mercury are currently unavailable. On the basis of inferred fault depths, Nimmo and Watters [2004] obtained T e values of 25-30 km at the time of lobate scarp formation. If Caloris is surrounded by $1 km of uncompensated material, then the elastic thickness must have been $100 km at the time of loading [Watters and Nimmo, 2008] . A similar conclusion was reached by Melosh and McKinnon [1988] on the basis of the presence of extension within Caloris, and equatorial thrust faults. It seems likely that either spatial or temporal variations in T e are being recorded.
Theory
[9] We expand the gravitational potential of the planet at a point with spherical coordinates (r, q, f) in spherical surface harmonics as
where G is the gravitational constant, M is the planet mass, R is the mean planetary radius, P 'm is the associated Legendre function, and C 'm and S 'm are harmonic coefficients. We adopt the sign convention of geodesy and astronomy in which the gravitational potential is positive, and the following definition for the associated Legendre functions [e.g., Arfken and Weber, 1995] :
where P ' is a Legendre polynomial. The first and second terms on the right-hand side (RHS) of equation (1) correspond to the spherically symmetric contribution and perturbations from the spherically symmetric state, respectively.
[10] We can relate the inertia tensor perturbations associated with any mass perturbation to the degree-2 (' = 2) spherical harmonic coefficients of the gravitational potential of the perturbation. Using the orthogonality conditions of the spherical surface harmonics, we can write the inertia tensor perturbations as [cf. Lambeck, 1980, p. 26] dr r 4 r 00 corresponds to the spherically symmetric component of the mass perturbation with density r 00 (r). If the inertia tensor is diagonal, it is uniquely defined by the harmonic coefficients
2.1. Gravity
[11] The tidal potential for a planet with nonzero eccentricity is time-dependent. Therefore, the corresponding tidal deformation becomes time-dependent. Assuming a Maxwell rheology, the planet responds elastically or viscously depending on the timescale for changes in the tidal potential relative to the Maxwell time. Since reorientation and despinning are expected to occur over timescales that are many orders of magnitude longer than the orbital period, we approximate the tidal potential by considering its timeaveraged value over the orbital period.
[12] The tidal potential on a planet in a Keplerian orbit with arbitrary mean motion n, obliquity i, and eccentricity e, can be expanded in spherical surface harmonics, as described in Appendix A2. For simplicity, we assume that the obliquity is zero. If the planet is in a 3:2 spin-orbit resonance, the surface point facing the tide-raising companion at pericenter is commonly referred to as the ''hot pole.'' Mercury has two antipodal hot poles that alternately face the sun [Colombo, 1965] . Hereafter, we will refer to the axis passing through the hot poles and the center of the planet as the tidal axis.
[13] It is useful to consider axisymmetric perturbations such as rotational deformation. If we choose a reference frame with the z axis aligned with the symmetry axis, the only nonzero harmonic coefficients are of order zero (m = 0). We denote these coefficients as C 0 '0 , where the prime superscript indicates that these coefficients correspond to the case with the symmetry axis aligned with the z axis. The harmonic coefficients for m 6 ¼ 0 drop out since the gravitational potential must be independent of f by symmetry, and S 0 '0 can be ignored since sin(mf) = 0 for m = 0. Using the addition theorem for spherical harmonics [e.g., Arfken and Weber, 1995, p. 746, equation (12. 171)], we can write the harmonic coefficients for the case with the symmetry axis at an arbitrary position with spherical coordinates (q 0 , f 0 ) as
[14] Density perturbations produce direct perturbations and the deformation in response to these perturbations produces additional perturbations. We consider the specific case of surface load perturbations and expand the direct surface load perturbation in spherical surface harmonics as
In equation (6), the degree-2 harmonic coefficients are given by
The degree-2 harmonic coefficients in equations (1) and (7) are related by [cf. Kaula, 1968, p. 67, equation (2.1.29 
where c is the degree of compensation [Willemann and Turcotte, 1982, equation (11); Willemann, 1984, equation (7) ]. We ignore contributions from degree-1 topography to degree-2 gravity [e.g., Bills and Ferrari, 1977] .
[15] The degree of compensation describes the deformation in response to the load and depends on the interior structure and rheology of the planet. If the load is axisymmetric, in a reference frame with the z axis aligned with the symmetry axis (hence the prime superscript), the only nonzero harmonic is C 20 L 0 . In this case, the harmonic coefficients for an arbitrary symmetry axis with arbitrary spherical coordinates (q L , f L ) are given by equation (5) with ' = 2, and it is useful to normalize the load size by introducing the dimensionless parameter [Willemann, 1984; Matsuyama et al., 2006] 
where w * is the initial rotation rate, and C 20
and C 20 R * 0 are the harmonic coefficients of the load and the initial rotational potential for the cases with the symmetry axes aligned with the z axis. In equation (9), k 2 T * and k 2 T are the degree-2 tidal Love numbers for the cases without and with a lithosphere respectively. These dimensionless numbers describe the response to tidal forcings and depend on the planet's interior structure and rheology. Since we are interested in the longterm perturbations, we use the secular (or fluid limit) Love numbers. That is, we implicitly assume that all viscous stresses have relaxed. Note that a positive Q corresponds to a positive mass anomaly and vice versa.
[16] In a reference frame with the x and z axis aligned with the tidal and rotation axis respectively, the total gravity harmonic coefficients associated with axisymmetric loading contributions and rotational and tidal deformation can be written as (Appendix A)
The Hansen coefficients are H(1, e) = 1 À 5e 2 /2 + Á Á Á for synchronous rotation and H(3/2, e) = 7e/2 À 123e 3 /16 + Á Á Á for 3:2 spin-orbit resonance to order e 3 . Since C 22 (B À A)/ (4MR 2 ) (equation (4)), somewhat surprisingly if the eccentricity is large enough (e^0.3), a 3:2 spin-orbit resonance produces a larger (B À A) than the one for synchronous rotation. The large tidal deformation for 3:2 spin-orbit resonance arises because the tide-raising body spends a large fraction of the time near pericenter during a complete orbit [Murray and Dermott, 1999, Figure 5.10] and the tidal potential is proportional to the inverse third power of distance. We note that the value of eccentricity required for an equilibrium 3:2 spin-orbit resonance is $0.3 [Correia and Laskar, 2004] .
[19] If there are no changes in the rotational and tidal potentials, the Love number k 2 T * drops out from the ratio
Thus, J 2 /C 22 is independent of the internal structure and rheology in this case. We will refer to this ratio as the equilibrium J 2 /C 22 since it is given by the equilibrium values (the terms proportional to k 2 T in equation (10)) even for the case with changes in the rotational and tidal potentials.
[20] If we assume synchronous rotation (p = 1, w = n) in addition to no changes in the rotational or tidal potentials, H(1, e) = 1 À 5e 2 /2 + Á Á Á, and
We can recover equations (4) and (5) of Schubert et al. [1994] for the case of zero eccentricity if we set e = 0 in equation (14) . In this case J 2 /C 22 = 10/3.
[21] If we assume 3:2 spin-orbit resonance (p = 3/2, w = 3n/2) in addition to no changes in the rotational or tidal potentials, H(3/2, e) = 7e/2 À 123e 3 /16 +, and
If we assume zero eccentricity, J 2 = k 2 T * (5/4)(n 2 R 3 /GM) and C 22 = 0. Note, however, that the cases p = 3/2 and e = 0 are unlikely to occur together since the equilibrium rotational state for a circular orbit corresponds to synchronous rotation [Correia and Laskar, 2004] .
[22] In the simple cases considered above (equations (14) and (15)), if we assume zero eccentricity, the combination of tidal and rotational deformation is not axisymmetric for synchronous rotation (C 22 6 ¼ 0), while it becomes axisymmetric around the rotation axis for 3:2 spin-orbit resonance (C 22 = 0). For synchronous rotation, the orbit of the tideraising body becomes a point as e ! 0 and tidal deformation becomes axisymmetric around the tidal axis. Thus, the combination of rotational deformation, which is also axisymmetric but around the rotation axis, and tidal deforma-tion results in a triaxial deformation. For 3:2 spin-orbit resonance, the orbit of the tide-raising body becomes circular in the rotating reference frame of the planet as e ! 0. Therefore, tidal deformation becomes axisymmetric around the rotation axis, and the combination of tidal deformation and rotational deformation, which is also axisymmetric around the rotation axis, results in an axisymmetric deformation with C 22 = 0.
[23] Figure 1 shows the equilibrium J 2 /C 22 (equation (13)) as a function of eccentricity for different spin-orbit resonances. Large departures from the zero eccentricity and synchronous rotation value are expected. For zero eccentricity and half-integer spin-orbit resonances except synchronous rotation, the orbit of the tide-raising body becomes circular in a reference frame rotating with the planet. Thus, C 22 ! 0 and J 2 /C 22 ! 1 as e ! 0.
Shape
[24] We expand the planet radius in spherical surface harmonics as
where c 'm and s 'm are harmonic coefficients. Following the analysis of section 2.1, in a reference frame with the x and z axis aligned with the tidal and rotation axis respectively, these coefficients can be written as (Appendix B) (13) and (21)) as a function of eccentricity for different spin-orbit resonances. The numbers on each curve indicate the spin-orbit resonance half integer, p w/n, where w is the rotation rate and n is the mean motion.
In this case,
We can recover equation (4.125) of Murray and Dermott [1999] for the case of zero eccentricity if we set e = 0 in equation (22) . In this case, (b À c)/(a À c) = 1/4.
[28] If we assume 3:2 spin-orbit resonance in addition to no changes in the rotational or tidal potentials, p = 3/2, H(3/2, e) = 7e/2 À 123e 3 /16 + Á Á Á, and
: Figure 1 shows the equilibrium (b À c)/(a À c) (equation (21)) as a function of eccentricity for different spin-orbit resonances. Similar to the equilibrium J 2 /C 22 , large departures from the zero eccentricity and synchronous rotation value, (b À c)/(a À c) = 1/4, are expected. Once again, in these simple cases, if we assume zero eccentricity, the combination of tidal and rotational deformation is not axisymmetric for synchronous rotation (a 6 ¼ b 6 ¼ c), while it becomes axisymmetric around the rotation axis for 3:2 spinorbit resonance (a = b 6 ¼ c). Thus, for half-integer spin-orbit resonances except synchronous rotation, b ! a and (b À c)/ (a À c) ! 1 as e ! 0, as expected.
Tectonic Patterns
[29] Radial displacements due to changes in the rotational or tidal potentials generate stresses on the planet surface. We will consider changes due to reorientation, despinning, or both; as well as changes in spin-orbit resonance, semimajor axis, and eccentricity. The radial displacement at a point with spherical coordinates (q, f) can be written as (Appendix C)
where g R , g R * , g T , and g T * are the angular separation between a surface point and the final rotation pole, initial rotation pole, final hot pole, and initial hot pole, respectively. In equation (24), we define
The first two terms inside the squared brackets in equation (24) are associated with the response to changes in the rotational and tidal potential components that are axisymmetric around the rotation axis, while the last two terms are associated with the response to changes in the tidal potential component that is axisymmetric around the tidal axis.
[30] If we assume synchronous rotation (p = p * = 1) and zero eccentricity before and after reorientation, H(1, 0) = 1,
/(2GM), f T = 3f R , and f T * = 3f R * , and we can recover equation (27) of Matsuyama and Nimmo [2008] :
as expected.
ð21Þ
[31] Following Matsuyama and Nimmo [2008] , the stress tensor associated with the radial displacement in equation (24) can be written as
where
In equation (28), n is Poisson's ratio and m is the rigidity of the lithosphere. We adopt the sign convention in which extensional stresses are positive. The radial stresses s rr , s rq , s rf must be zero at the planet surface.
[32] The eigenvectors of the stress tensor point in the directions along which there are no shear stresses. The nature of the expected tectonic pattern is determined by the principal stresses, which are the eigenvalues of the stress tensor [Anderson, 1951; Melosh, 1977] . There are three types of possible tectonic regions depending on the ordering of the two principal stresses at the planet surface, (8) - (36)) to the direction of the principal compressive stress (s À ) is expected. Following Melosh [1980] , we use the maximum shear stress, (s max À s min )/2, where s max and s min are the maximum and minimum principal stresses respectively, to identify regions that are more vulnerable to faulting.
Reorientation Driven by Mass Redistribution
[33] The minimum energy state for a rotating body corresponds to principal axis rotation, with the maximum principal axis of inertia aligned with the rotation axis [e.g., Munk and MacDonald, 1960] . Additionally, tidal torques on a planet in spin-orbit resonance drive the planet to a state in which the minimum principal axis librates around an equilibrium configuration with the minimum principal axis pointing toward the hot pole [Murray and Dermott, 1999] . If we consider the average over the orbital period, we can find reorientation solutions by diagonalizing the inertia tensor and assuming that the maximum and minimum principal axes remain aligned with the rotation and tidal axes respectively after reorientation.
[34] Reorientation is driven by perturbations to the inertia tensor associated with loading, and this generates additional inertia tensor perturbations because of changes in the rotational and tidal potentials. The inertia tensor perturbations which depend on the final rotational and tidal potentials can adjust to any reorientation, thus the final orientation of the planet is governed by only those contributions to the inertia tensor which are independent of the final rotational and tidal potentials [Willemann, 1984; Matsuyama et al., 2006; . illustrated this by explicitly minimizing the rotational energy for planetary bodies without tidal deformation. We refer to the inertia tensor containing only contributions which are independent of the final rotational and tidal potentials as the nonequilibrium inertia tensor, I ij NE (hence the superscript NE).
[35] We can write the dimensionless, normalized, nonequilibrium inertia tensor as (Appendix D)
are unit vectors in the direction of the load, the initial rotation pole, and the initial hot pole respectively. For synchronous rotation and zero eccentricity, Q R * = À1 and Q T * = 3 (equation (11)), and we can recover equation (27) of .
[36] The nonequilibrium inertia tensor must be diagonal in the reference frame aligned with the final rotation and tidal axes, thus setting the off-diagonal components of the nonequilibrium inertia tensor to zero yields
Given the load size and location, these equations correspond to three equations for the four unknowns, q R * , f R * , q T * , and f T * , and the system of equations is under determined by one. The rotational and tidal axes must remain perpendicular to each other and this provides an additional constraint:
[37] After diagonalization of the nonequilibrium inertia tensor, we must verify the ordering of the principal moments. The principal moments relations, I 33 NE > I 11
, and I 22 NE > I 11 NE can be written as
[38] If the planet is not in a half-integer spin-orbit resonance initially, Q T * = H(p * , e * ) = 0, and the diagonalization conditions (32) simplify to f R * = f L = 0 or 180°, and
Since f L = f R * = 0 or 180°, one of the principal axes must be aligned in longitude with the load. The amount of reorientation is independent of the load longitude since tidal deformation is axisymmetric around the rotation axis in this case. The second term inside the square brackets in equation (35) arises because of tidal deformation. If we ignore this term, we can recover equation (34) of Matsuyama et al. [2006] for the case without tidal deformation, as expected. The effect of tidal deformation is negligible for w * ) n * . The reorientation solution given by equation (35) provides an upper limit for the size of the load driving reorientation: since jsin(2q R * )j 1,
If we ignore tidal deformation this constraint becomes jQj 1/jsin(2q L )j [Willemann, 1984] .
Total Inertia Tensor
[39] The total inertia tensor can be written as I ij = I 0 d ij + I ij NE + I ij EQ , where I 0 d ij is the spherically symmetric component. The nonequilibrium inertia tensor is given by equation (30) and the equilibrium inertia tensor is given by (Appendix E)
where e i R and e i T are unit vectors in the direction of the final rotation pole and the final hot pole respectively. In equation (37), we define
[40] If we ignore despinning and eccentricity variations, and assume no loading and thus no reorientation Q = 0, Q R = Q R * , Q T = Q T * , p * = p, e * = e, e i R = e i R *, and e i T = e i T *, and
In a reference frame aligned with the rotation and tidal axes, e i R = (0, 0, 1) and e i T = (1, 0, 0), and the total inertia tensor becomes diagonal with principal moments
We can recover equation (12) [41] If we assume synchronous rotation and zero eccentricity in addition to no rotation rate and eccentricity variations, p = 1, H(1, 0) = 1, and
Similarly, if we assume 3:2 spin-orbit resonance and zero eccentricity in addition to no rotation rate and eccentricity variations, p = 3/2, H(3/2, 0) = 0, and
As we noted in section 2.2, in these simple cases with zero eccentricity, the combination of tidal and rotational deformation is not axisymmetric for synchronous rotation (A 6 ¼ B 6 ¼ C), while it becomes axisymmetric around the rotation axis for 3:2 spin-orbit resonance (A = B 6 ¼ C). Once again, note that the cases p = 3/2 and e = 0 are unlikely to occur together since the equilibrium rotational state for a circular orbit corresponds to synchronous rotation [Correia and Laskar, 2004] .
Application of Results to Mercury
[42] The gravitational potential coefficients of Mercury estimated from the Mariner 10 flybys are J 2 = (6 ± 2) Â 10 À5 and C 22 = (1 ± 0.5)Â10
À5
, and C 21 , S 21 , and S 22 are constrained to range from À2 Â 10 À5 to 2 Â 10 À5 [Anderson et al., 1987] . If we ignore changes in the rotational and tidal potentials, our analysis yields C 21 = S 21 = S 22 = 0 and
where we use equation (15) with n = 2p/(88 days), R = 2438 km, M = 3.3 Â 10 23 kg, and e = 0.2056 [Lodders and Fegley, 1998 ]. The observed gravity coefficients are larger than the predicted values by roughly 2 orders of magnitude, even for the maximum possible case of a completely fluid and homogeneous Mercury with k 2 T * = 3/2. Although Mercury's eccentricity ranges between $0.1 and 0.25 because of secular perturbations [Murray and Dermott, 1999, p. 305] , these changes cannot account for the large gravity coefficients.
[43] Mercury's shape has been estimated using radar observations [Anderson et al., 1996] . If the radius is expanded in spherical surface harmonics as described in equation (16), the estimated harmonic coefficients are c 10 = À1784 ± 1126 m, c 11 = 487 ± 80 m, s 11 = À416 ± 74 m, c 20 = À4696 ± 5814 m, c 21 = À155 ± 219 m, s 21 = À129 ± 219 m, c 22 = 189 ± 23 m, and s 22 = 112 ± 21 m (after the appropriate transformations from normalized to unnormalized spherical surface harmonics [Anderson et al., 1996] ). If we ignore changes in the rotational and tidal potentials, c 21 = s 21 = s 22 = 0, and
where we use equation (23). Thus, similar to the gravity coefficients, the estimated shape coefficients are larger than the (nonzero) predicted coefficients by roughly 3 orders of magnitude, even for a completely fluid and homogeneous Mercury with h 2 T * = 5/2. The large values of the shape coefficients relative to the corresponding gravity coefficients (3 versus 2 orders of magnitude larger than the predicted values) have been interpreted as being due to isostatic compensation [Anderson et al., 1996] .
[44] Rotational and tidal deformation can only contribute to degree-2 coefficients even if we consider variations of the rotational and tidal potentials due to despinning or reorientation. Since the magnitude of the degree-1 shape coefficients is comparable to that of the degree-2 coefficients, other mechanisms are required to explain Mercury's shape. Furthermore, compensated degree-2 crustal thickness variations will significantly alter the shape while not affecting the degree-2 gravity coefficients which are directly tied to reorientation (equation (3)). Therefore, we will not attempt to explain the estimated shape coefficients with perturbations associated with rotational and tidal deformation alone. The large gravity coefficients may be due to nonhydrostatic perturbations, a remnant rotational and tidal bulge, or the combination of both. We will consider these scenarios below.
Nonhydrostatic Perturbations
[45] If the large gravity coefficients of Mercury are predominantly due to nonhydrostatic perturbations, they must have driven reorientation unless they were fortuitously aligned with the present rotational and tidal axes. Therefore, the effect of reorientation must be taken into account. The Caloris basin is the largest well-preserved impact structure on the part of Mercury's surface imaged by Mariner 10 and MESSENGER [Murray et al., 1974; Murchie et al., 2008] . The location of Caloris near one of Mercury's hot poles suggests that it is a positive gravity anomaly that migrated to its current location via reorientation [Melosh and Dzurisin, 1978b] . However, given the present location of Caloris (30°N, 163°E [Murchie et al., 2008] ), reorientation solutions from the diagonalization of the nonequilibrium inertia tensor, (I ij NE , equation (30)) constrain its normalized size (equation (9)) to range from Q = À1.0 to Q = 2.1. We therefore consider both negative and positive loads since negative loads cannot be dismissed on the basis of TPW solutions alone. The upper limit (Q = 2.1) arises because a larger load would cause the intermediate principal moment (I 22 NE ) to be larger than the maximum principal moment (I 33 NE ). The lower limit, Q = À1.0, arises because a larger negative load would cause the minimum principal moment (I 11 NE ) to be larger than the intermediate principal moment (I 22 NE ).
[46] Figure 2 shows the gravity coefficients for the possible reorientation solutions with -1.0 < Q < 2.1 using equation (10) with q L = 60°and f L = 163°for the spherical coordinates of the center of Caloris. We ignore despinning, thus we set w * = w = 2p/(59 days). We calculate the Love numbers using the method of Moore and Schubert [2000] with a 640 km thick mantle with density 3.5 g cm À3 overlying a 1800 km thick core with density 8.28 g cm
We assume a completely fluid body for calculating the secular Love number k 2 T * = 0.97 for the case with no lithosphere; and a fluid body overlain by a T e = 100 km elastic lithosphere with rigidity 100 GPa, Poisson's ration 0.25, and density 3.5 g cm À3 for the secular Love number k 2 T = 0.68. We refer the reader to the work by van Hoolst et al. [2007] for a review of the internal structure of Mercury. Figure 2 shows that the load contributions to the gravity coefficients increase linearly with load size, as expected. The equilibrium gravity coefficients remain constant since they depend on the present (after reorientation) rotational and tidal potentials, while the nonequilibrium contributions change with load size since each load size corresponds to a different reorientation that changes the initial rotational and tidal potentials.
[47] The predicted gravity coefficients remain smaller than the observed values by 2 orders of magnitude for any possible Caloris size and corresponding reorientation. Thus, if we ignore despinning, a larger load is needed to explain the gravity coefficients. Figure 2 illustrates that such a large nonhydrostatic perturbation cannot be attributed to Caloris since we considered the maximum load size that is consistent with Caloris' present location. Satisfying the observed J 2 requires increasing Caloris' maximum size, Q = 2.1, by a factor of $1500 and such a large load would have reoriented Caloris to perfect alignment with one of Mercury's hot poles at the equator. Although the center of the gravity anomaly associated with Caloris may not coincide with the center of the basin, it is unlikely that this offset is as large as 30°in latitude.
Remnant Rotational and Tidal Bulge With Spin-Orbit Resonance
[48] A large remnant rotational and tidal bulge that preserves Mercury's figure at a time of faster rotation, a scenario that has been considered for the Moon [Lambeck and Pullan, 1980; Garrick-Bethell et al., 2006] may explain the large gravity coefficients. Although the probability of capture into spin-orbit resonance depends on the particular tidal model assumed, it increases with decreasing order of the resonance [Goldreich and Peale, 1966; Peale and Boss, 1977] . Thus, Mercury's 3:2 spin-orbit resonance is a natural outcome of tidal evolution from an initial faster rotation. The preliminary evidence for an intrinsic magnetic field [Ness et al., 1975; Hartle et al., 1975] and a large libration amplitude [Margot et al., 2007] suggests that the core is currently partially molten. If Mercury had a molten core during despinning, the probability of capture into a spinorbit resonance increases drastically because of core-mantle interaction [Counselman and Shapiro, 1970] . In this case, ignoring eccentricity variations, either Mercury's primordial rotation period was longer than 44 days to avoid capture into the 2:1 spin-orbit resonance, or Mercury passed through the 2:1 resonance before the molten core formed [Peale and Boss, 1977] . The latter scenario seems unlikely since core formation must have occurred before the end of the late heavy bombardment ($4 Gyr B.P.) because later core formation would have lead to global expansion, inducing surface extensional features that are not seen [Solomon, 1977] . Mercury could have escaped the 2:1 resonance after capture if its eccentricity fell below a critical value $0.005 because of the chaotic evolution of its orbit [Correia and Laskar, 2004, Table 1 ]. Although it is possible that the primordial rotation period was longer than 44 days because of random angular momentum contribution of giant impacts, the final spin state is expected to be biased toward prograde rotation with rotation periods of the order of a few hours because of semicollisional accretion of planetesimals [Schlichting and Sari, 2007] . Given the uncertainty in the initial rotation period, we consider initial rotation periods both shorter and longer than 44 days.
[49] Following the analysis of Garrick-Bethell et al. [2006] in application to the Moon, we explore the possible semimajor axes, eccentricities, and spin-orbit resonances that can explain the observed gravity coefficients in Figure 3 and Table 1 using equation (10). We focus on semimajor axis and eccentricity variations alone in Figure 3 by considering contour plots of the gravity coefficients J 2 and C 22 in the semimajor axis -eccentricity parameter space, and consider the additional effect of reorientation driven by Caloris in Table 1 . The required semimajor axes are unphysically small (<0.1 AU) for any loading and reorientation scenario. The timescale for outward migration of Mercury due to tides raised on the Sun is given by [Goldreich and Soter, 1966] t mig ¼ 4 117
where M and R denote the mass and mean radius of the Sun, and Q 0 = 3Q /(2k ) is a dimensionless number which depends on the Sun's tidal dissipation function (Q ) and tidal Love number (k ) which are poorly constrained. The circularization of close binary solar type stars suggests Q 0 $ 10 6 [Ogilvie and Lin, 2007] . In this case, the amount of migration due to tidal dissipation for t mig = 4.6 Gyr is constrained to less than 10 À11 AU. Thus, Mercury could not 
Remnant Bulge Without Spin-Orbit Resonance
[50] Finally, we consider the combined effects of an initial rapid rotation rate, yielding a large remnant bulge which is subsequently reoriented because of loading driven by Caloris. As we will show below, matching the gravity coefficients requires initial rotation rates at least 20 times faster than the present value. This would correspond to a 60:2 spin-orbit resonance which is unlikely to have occurred since the capture probability decreases with increasing order of the resonance [Goldreich and Peale, 1966; Peale and Boss, 1977] . Therefore, we assume an initial rotational state that does not involve a half-integer spin-orbit resonance. In this case, H(p * , e * ) = 0, and the only nonvanishing term in equation (11) is
The first and second terms on the RHS of equation (46) quantify the amount of rotational and tidal deformation respectively, both of which are axisymmetric around the rotation axis. Note that there is no tidal deformation that is axisymmetric around the tidal axis (Q T * = H(p * , e * ) = 0 in equation (11)) since this component averages out to zero for the case of no half-integer spin-orbit resonance. The tidal bulge is smaller than the rotational bulge by a factor of n * 2 / w * 2 , and satisfying the gravity coefficients constraint requires w * ) n * . Thus, the effect of the tidal bulge, which depends on the initial orbital eccentricity, is negligible.
[51] Assuming a nonresonant initial rotational state, the gravity coefficients are given by equations (9)-(11) with H(p * , e * ) = 0, and the reorientation solutions are given by f R * = f L = 0°or 180°and equation (35) . Since the center of Caloris is not aligned in longitude with one of Mercury's hot poles (f L = 163° [Murchie et al., 2008] ), an additional load is required to maintain principal axis rotation unless the gravity center of Caloris does not coincide with the center of the basin and is aligned with one of the hot poles (f L = 180°). We will consider reorientation driven by Caloris alone assuming f L = 180°as well as reorientation with an additional load and f L = 163°to maintain principal axis rotation. Since satisfying the gravity coefficients constraint requires w * ) n * , equation (35) can be approximated as Qsin(2q L ) = sin(2q R * ), independent of the assumed longitude of the center of Caloris. For the case with f L = 163°a nd an additional load, the additional load causes a reorientation around the rotation axis and therefore it does not affect the amount of reorientation of the rotation axis. The maximum possible load size is given by jQj 1/jsin(2q L )j $ 1.15, and the principal axes rotation condition I 22 NE > I 11 NE requires Q > 0. Figure 4 shows the amount of reorientation as a function of the Caloris size (Q). There are two possible reorientation solutions for Q > 1 since the colatitude of Caloris is larger than 45° [Willemann, 1984] .
[52] If we assume that Caloris is a circular basin of radius R c (measured along a great circle on the surface of the planet) filled with material of density r and thickness h, its normalized load size can be written as [Melosh, 1975] 
where c is the degree of compensation [Willemann and Turcotte, 1982, equation (11); Willemann, 1984, equation (7)]. For the elastic and internal parameters adopted above, c = 0.71, and if we assume r = 3 g cm À3 and R c = 775 km [Murchie et al., 2008] , Here p * is the initial spin-orbit resonance half integer; a * and e * are the initial semimajor axis and eccentricity; Q and C 20 L0 are the Caloris size and the corresponding degree-2 gravity coefficient (equation (9)); h b and h r are the required fill thicknesses for the basin and rim models (equations (47) and (49)); g b = 2p Gr h b (1 À c) and g r = 2p Gr h r (1 À c) are the corresponding peak gravity anomalies using the flat-plate (Bouguer) assumption with r = 3000 g cm
À3

cm
À3 and c = 0.71; (q R * , f R * ) and (q T * , f T * ) are the spherical coordinates of the initial rotation and hot poles; and J 2 , C 22 , S 22 , C 21 , and S 21 are the degree-2 gravity coefficients. We assume that q L = 60°and f L = 163°in all cases. Since f L 6 ¼ 180°, S 22 , C 21 , and S 21 are not zero as required for principal axis rotation. We do not consider cases with f L = 180°or an additional load to maintain principal axis rotation (as in Table 2 ) since the required semimajor axes remain unphysically small (<0.1 AU). Constraints observed by Anderson et al. [1987] for J 2 and C 22 are 6.0 ± 2.0 and 1.0 ± 0.5, respectively, and those for S 22 , C 21 , and S 21 are ±2.0. Figure 3 . Contour plots of the gravity coefficients J 2 and C 22 for different spin-orbit resonances (with p * w * /n * , where w * and n * are the initial rotation rate and mean motion, respectively) in the semimajor axis -eccentricity parameter space. The right plots show the parameter spaces constrained by the Mariner 10 estimates J 2 = (6 ± 2) Â 10 À5 and C 22 = (1 ± 0.5) Â 10
À5
[ Anderson et al., 1987] .
In this case, the upper limit Q = 1.15 corresponds to h = 9.7 km for an initial rotation rate 20 times faster than the present value. If we adopt the model of Melosh [1975] and assume an annular load with density r and thickness h, its size can be written as
where R i and R o are the inner and outer radius of the annulus respectively. Assuming r = 3 g cm
À3
, R i = 775 km, and R o = 1950 km [Melosh and Dzurisin, 1978b; Murchie et al., 2008] , we obtain
0:97 À 0:68
In this case, the upper limit Q = 1.15 corresponds to h = 3.4 km for an initial rotation rate 20 times faster than the present value.
[53] The fill thickness estimates for the basin and rim models depend on the degree of compensation and the tidal Love numbers which in turn depend on elastic and internal parameters that are not well constrained. The term (1 À c)/ (k 2 T * À k 2 T ) depends only weakly on these parameters. For example, assuming T e = 200 km instead of 100 km yields c = 0.54, k 2 T = 0.53, and (1 À c)/(k 2 T * À k 2 T ) = 1.04 instead of 1.00 for T e = 100 km. However, the gravity coefficients scale linearly with the term (k 2 T * À k 2 T ) and w * 2 (equation (10)). Therefore, the elastic and internal parameters affect the initial rotation rate w * , and ultimately affect the fill thickness estimates. For example, assuming T e = 200 km instead of 100 km increases the term (k 2 T * À k 2 T ) by $50%, and thus requires a decrease of w * 2 and the estimated fill thicknesses by the same amount.
[54] Figure 5 shows contours of the gravity coefficients and the basin and rim fill thicknesses required to explain the gravity coefficients in the load size initial rotation rate space for the case with f L = 180°. We consider the case with f L = 163°and an additional load in Table 2 . The basin and rim fill thicknesses depend on both the load size (Q) and the initial rotation rate (equations (47) and (49)) since Q is a measure of the load size relative to the size of the remnant rotational bulge. Each load size corresponds to a different amount of reorientation shown in Figure 4 . The Mariner 10 gravity coefficients can be explained with initial rotation rates^20 times the present value and Caloris sizes in the range 0.4 ] Q ] 1.1 which correspond to basin fill thicknesses^7 km or rim fill thicknesses 2 km (for an initial rotation rate $28 times the present value). For Caloris sizes Q < 1, the initial rotation rate is constrained to ]33 times the present value, which corresponds to basin and rim fill thicknesses ]22 km and ]8 km respectively. The amount of reorientation in this case is <30° (Figure 4) given Caloris' latitude (30°N).
[55] We consider some specific examples in Table 2 and calculate the corresponding predicted tectonic pattern in Figure 6 . Principal axis rotation requires that the inertia tensor is diagonal and thus C 21 = S 21 = S 22 = 0 (see equation (3)). Once again, principal axis rotation requires an offset of the gravity center of Caloris (f L = 180°instead of 163°) or an additional load and we consider both scenarios.
[56] As we discussed in section 1, the observed widespread lobate scarps have been identified as thrust faults induced by a < 1 km radius contraction [Watters et al., 1998 ]. The stresses induced by contraction can be written as [Melosh and Dzusirin, 1978a] 
where dR/R < 0 is the fractional decrease in radius. Because s= s ff , the stress field and the corresponding tectonic pattern induced by contraction has no preferred orientation. The majority of the observed scarps have orientations that fall between ±50°of N-S [Watters et al., 2004, Figure 4] . This nonisotropic orientation is not expected for contraction. Therefore, although global contraction explains the global occurrence of the scarps, other mechanisms are required to explain their nonisotropic orientation. King [2008] considers mantle convection while Melosh and Dzusirin [1978a] consider despinning as the additional mechanisms required to explain the observed tectonic pattern. The mantle convection model requires aligning the predicted tectonic pattern with the rotation axis because of reorientation driven by the same convective loads. However, the feasibility of this reorientation remains unexplained. Furthermore, reorientation would generate additional stresses, and additional reorientation driven by Caloris, which would also generate additional stresses, must be taken into account. Our model extends the analysis of Melosh and Dzusirin [1978a] by considering the effects of tidal deformation, spin-orbit resonance, nonzero eccentricity, and reorientation, in addition to despinning. We assume a 1 km radius contraction; however, the predicted tectonic (9)). There are two possible solutions for Q > 1 which correspond to two possible reorientations given Caloris' latitude (30°N).
pattern is independent of the amount of contraction as long as contraction is large enough to produce widespread thrust faults since contraction produces stresses without a preferred orientation.
[57] We ignore the stresses produced by changes in the degree-0 component of the rotational potential when considering despinning. These changes generate additional isotropic stresses. However, the corresponding radius contraction is small ($0.01% radius contraction for Earth if rotation is completely stopped [Stoneley, 1924] ). Once again, the predicted tectonic pattern is independent of the amount of radius contraction.
[58] If we ignore loading contributions (Q = 0, model A in Table 2 ), it is possible to explain the observed J 2 coefficient with initial rotation rates $25 times faster the present value; however, the C 22 coefficient remains unexplained. Although there is a contribution to C 22 associated with the present 3:2 spin-orbit resonance which results in tidal deformation that is not axisymmetric around the rotation axis (and thus C 22 6 ¼ 0), this contribution is too small (equation (43)). The tidal deformation associated with the remnant bulge, which depends on the initial rotation vector, is axisymmetric since we assume that Mercury is not in a half-integer spin-orbit resonance initially. For Q = 0 and thus no reorientation, the tectonic pattern due to the combination of despinning and contraction produces N-S thrust faults on the entire surface of the planet [Melosh and Dzurisin, 1978b] , in disagreement with the observed E-W scarps near the south pole [Watters et al., 2004, Figure 2] .
[59] If an axisymmetric remnant bulge recording a higher spin rate is subsequently reoriented by Caloris-induced Figure 5 . Contour plots of the gravity coefficients J 2 and C 22 and the required fill thicknesses for the basin and rim models (equations (47) and (49)) in the load size initial rotation rate parameter space. The Mariner 10 estimates for the gravity coefficients are J 2 = (6 ± 2) Â 10 À5 and C 22 = (1 ± 0.5) Â 10 À5 [Anderson et al., 1987] . The gray regions on the basin and rim fill thickness contour plots highlight the Mariner 10 gravity constraints. Contours of the basin and rim fill thickness are shown in color only in the parameter space that satisfies both gravity constraints. There are two possible solutions for Q > 1 shown in the middle and bottom plots which correspond to two possible initial rotation pole latitudes (see Figure 4) . loading, the resulting gravity coefficients match those observed (Table 2 , models B-G). Furthermore, the tectonic patterns generated by this reorientation resemble the observed tectonic patterns when contractional stresses are taken into account. Reorientation and despinning produce both compressive and extensional stresses [Melosh, 1977 [Melosh, , 1980 Matsuyama and Nimmo, 2008] . The contractional stresses dominate these extensional stresses, producing Here w * is the initial rotation rate (in units of the present rotation rate, w), Q and C 20 L0 are the Caloris size and corresponding degree-2 gravity coefficient (equation (9)), h b and h r are the required fill thicknesses for the basin and rim models (equations (47) and (49)), g b = 2p Gr h b (1 À c) and g r = 2p Gr h r (1 À c) are the corresponding peak gravity anomalies using the flat-plate (Bouguer) assumption with r = 3000 g cm À3 and c = 0.71, f L is the assumed longitude of Caloris, q R * is the initial rotation pole colatitude, Q 0 is the size of a secondary load required to maintain principal axis rotation, J 2 and C 22 are the degree-2 gravity coefficients, and a RMS is the root-mean-square of the angle between the orientation of the observed and predicted thrust faults. The other degree-2 coefficients, S 22 , S 21 , and C 21 , are constrained to ±2 Â 10 À5 [Anderson et al., 1987] and we predict vanishing values to satisfy principal axis rotation. For the model with f L = 163°and a second load to maintain principal axis rotation, the second load is at 0°N, 45°E. The colatitude of Caloris is q L = 60°and the longitude of the initial rotation pole is equal to the assumed longitude of Caloris in all cases.
b Constraints observed by Anderson et al. [1987] for J 2 and C 22 are 6.0 ± 2.0 and 1.0 ± 0.5, respectively. Figure 6 . Predicted tectonic pattern for despinning, reorientation, and a 1 km radius contraction for the models in Table 2 . The tectonic patterns for models D and G in Table 2 are very similar to the patterns shown here for models C and F, respectively. Contours correspond to the maximum shear stress in units of 1 MPa. Blue lines show the strike of the predicted thrust faults, and red lines show digitized segments of the observed lobate scarps . The solid triangles, solid circles, and open circles show the locations of the hot poles, the initial rotation poles, and the gravity center of Caloris, respectively. The root-mean-square of the angle between the strike of the observed scarps and the predicted thrust faults is 48.4°, 47.3°, 47.2°, and 46.1°for models B, C, E, and F, respectively (Table 2) . thrust faults on the entire planet surface. Once again, although contraction is responsible for the style of faulting, the orientation of these faults is determined by reorientation and despinning alone. The predicted tectonic pattern is radial from the initial rotation poles. Moderate reorientation (models B and E, with 22°of reorientation (Figure 6) ) produces a tectonic pattern with a strong preference for N-S orientation, in agreement with the observed tectonic pattern [Watters et al., 2004, Figure 4] . However, the E-W orientation of the scarps near the south pole (and some near the north pole) is only marginally explained. Large reorientation (models C and F, with 42°of reorientation) results in a stronger preference for E-W orientation near the poles, in better agreement with the observed tectonic pattern. However, we predict a strong preference for NW -SE, rather than N-S, orientation on the western hemisphere imaged by Mariner 10, perhaps in disagreement with observations [Watters et al., 2004, Figure 4] . We quantify the misfit between the orientation of the observed scarps and the orientation of the predicted thrust faults by calculating the root-mean-square of the angle between the two orientations (a RMS , Table 2 ). For the same Caloris sizes and corresponding reorientation, the models using the basin center as the gravity center (f L = 163°, models E and F) and an additional load to maintain principal axis rotation produce slightly smaller values of a RMS than the models with the gravity center aligned with the hot pole (f L = 180°). Model G, the model with the smallest error (a RMS = 45.7°), results in a misfit reduction of 9% compared with model A, in which no loading occurs. Although this misfit reduction is not large, it is encouraging that models which also fit the gravity observations can simultaneously provide an improved fit to the tectonic observations. We predict a strong preference for NE -SW orientation on the eastern hemisphere that becomes more pronounced with increasing amounts of reorientation.
Summary and Discussion
[60] We have argued above that a combination of contraction, despinning and reorientation can generate both the observed tectonic features and the degree-2 gravity harmonics. In deriving our predicted tectonic patterns ( Figure 6 ) we simply assumed that the stress tensors are additive. The final tectonic pattern is thus independent of, and does not constrain, the time sequence of stresses. It is likely that several of these stress mechanisms were operating simultaneously; we discuss below our favored sequence of events, also depicted in Figure 7 , but other sequences are also possible.
[61] Mercury is presumed to be initially hot and rapidly rotating (period of a few days or less). These initial conditions are broadly consistent with the hypothesis that Mercury suffered a giant impact which removed a large fraction of its silicate mantle [Benz et al., 2007; Breuer et al., 2007] . As the planet cools it will develop an elastic lithosphere and at the same time may begin to experience isotropic compressional stresses because of contraction. The rate at which the lithosphere thickens depends on the poorly known initial temperature structure of the Mercurian mantle; Breuer et al. [2007] show that the lithospheric thickness reaches roughly 150 km after 0.2 Gyr. The development of this thick lithosphere freezes in a portion of the rotational bulge.
[62] Once the thick lithosphere has developed, the Caloris impact occurs. Although the absolute age of this impact is poorly known, comparisons with lunar cratering studies suggest that it may have happened as recently as 3.9 Gyr B.P. [Spudis and Guest, 1988] . The initial basin probably rapidly reached a state close to isostatic equilibrium, be- cause of the locally high temperatures; some, though not all, lunar basins were apparently also close to isostatic equilibrium prior to later loading by mare basalts [Wieczorek and Phillips, 1999] . Crater counts suggest that both the Caloris basin plains and the plains surrounding Caloris are younger than the Caloris event itself [Spudis and Guest, 1988] . Thus, as with the lunar mascons, Caloris likely had time to cool and the lithosphere to thicken prior to the emplacement of these (uncompensated) loads. The immediate effect of these loads was to cause reorientation, and its associated tectonic stresses, and to displace the frozen-in part of the rotational bulge off the equator.
[63] Despinning was probably taking place continuously; our results are only sensitive to the amount of despinning that took place once the remnant bulge was frozen in place, and thus our initial spin rate is a lower bound. The despinning time may be written as [Goldreich and Soter, 1966; Murray and Dermott, 1999, equation (4.165) ]
where k 2
T0
, Q diss , and C denote the tidal Love number, tidal dissipation function, and maximum principal moment of inertia of Mercury. The tidal Love number in equation (52), k 2
, is different from the secular tidal Love number and is constrained to the range 0.1-0.45 depending on the state (solid or fluid) of the core [Spohn et al., 2001] . The tidal dissipation function is expected to range from about 10 to 500 for the terrestrial planets [Goldreich and Soter, 1966] . Given these uncertainties, we assume k 2 T0 = 0.1 and Q diss = 500 to consider the upper limit of the despinning time.
Despinning from an initial rotation rate 20 times the present value is possible for any combination of the tidal Love numbers and tidal dissipation functions, while an initial rotation rate 30 times the present value requires a slight increase in k 2 T0 or a slight decrease in Q diss from the values adopted in equation (52) to obtain despinning times that are shorter than the age of the solar system. If the tidal dissipation function of Mercury is similar to that of the Earth, Q diss $ 13 [MacDonald, 1964] , the despinning time is less than 0.2 Gyr even for w * = 40w (initial rotation period of 1.5 days) and k 2 T0 = 0.1. Broadly speaking, the despinning timescale and the formation time of Caloris are both uncertain but roughly comparable, and (as required by our scenario) both slower than the time to generate a thick lithosphere.
[64] As discussed above, our models do not determine the relative timing of the despinning and reorientation stresses. Equally, the geological evidence is currently permissive: the range in apparent ages of the lobate scarps brackets the formation of the Caloris Basin [Spudis and Guest, 1988] . Our hypothesis suggests that the older scarps should be caused mainly by contraction, and the younger ones by reorientation and/or despinning, but current observations are insufficient to test this hypothesis. We explain the E-W orientation of the observed thrust faults at high latitudes by the addition of despinning and reorientation stresses to preexisting contractional stresses. An alternative explanation is that despinning occurs first, generating E-W normal faults that are later reactivated as E-W thrust faults by contraction [Watters and Nimmo, 2008] . Once again, our model predictions are independent of the relative timing of the despinning and reorientation stresses. The validity of these scenarios may be subject to test by determining the relative ages of faults from cross-cutting relationships.
[65] Melosh and Dzurisin [1978b] present a slightly different history of Mercury from our preferred sequence of events depicted in Figure 7 . The main difference is that Melosh and Dzurisin [1978b] assume that despinning and contraction predated the formation of Caloris, and that this event did not induce reorientation. The occurrence of lobate scarps on the smooth plains surrounding Caloris [Melosh and McKinnon, 1988] and the absence of perturbations to the lobate scarps by Caloris ejecta suggest that contraction continued after the formation of Caloris. Although the formation of N -S thrust faults can be explained by the combination of despinning and contraction alone [Melosh and Dzurisin, 1978b] , the observed large C 22 gravity coefficient suggests reorientation of a large remnant rotational bulge. A large remnant bulge aligned with the present rotation axis can explain a nonzero C 22 only if the remnant bulge was established during a time of spin-orbit resonance. As discussed above, this is unlikely given the required initial semimajor axis (<0.1 AU).
[66] If the early history of Mercury as outlined in Figure 7 is correct, there are a series of implications, some of which should have observable consequences testable by MES-SENGER.
[67] Our lower bound on initial spin rate of a few days is consistent both with N-body simulations of the late stages of planetary accretion [Agnor et al., 1999] , and the specific hypothesis of a late, giant impact on Mercury [Benz et al., 2007] . The probability of capture into the 3:2 spin-orbit resonance is significantly larger than the probability of capture into any other possible resonances if the chaotic evolution of Mercury's orbit is taken into account [Correia and Laskar, 2004] . However, it is possible that Mercury was captured into a higher-order resonance on the way to the present 3:2 resonance. The remnant rotational bulge establishes a memory of the initial rotational state (at the time the lithosphere formed) but not of intermediate rotational states, so that the final stresses are independent of the rotational history. Nevertheless, fractures may form during possible past resonances or any other rotational state if the stresses become large enough for fracture to occur. Our formalism can be easily extended to consider these scenarios.
[68] The elastic thickness assumed here (100 km) is consistent with some, though not all, of the currently available estimates (see section 1). More importantly, reorientation may have had several other effects. First, any primordial water which survived in permanently shadowed near-polar regions [Paige et al., 1992] will have been exposed during reorientation and presumably lost to space. Thus, any present-day ice deposits must have been delivered more recently. Second, if Mercury possesses crustal magnetism then the thickness of the magnetized layer is mainly controlled by the surface temperature [Aharonson et al., 2004] . If Mercury underwent reorientation after the emplacement of crustal magnetic anomalies, the magnetic thickness variations would be more complex than predicted on the basis of their present-day location (and hence surface temperature). Similar comments apply to other temperaturedependent processes such as crustal relaxation, loss of volatiles and surface weathering. Finally, making the optimistic assumption that magnetic paleopoles can be determined from remote sensing, such measurements could be used to test for whether reorientation has occurred.
[69] The existence of uncompensated deposits of a few km thickness either within or surrounding Caloris is another testable hypothesis. Williams and Zuber [1998] found that typical lunar mare thicknesses were a few km, consistent with our results. Initial MESSENGER observations suggest that at least some of the smooth plains on Mercury are volcanic [Head et al., 2008] , giving some support to the annular loading model. These uncompensated loads will give rise to peak surface gravity anomalies of a few hundred mGal (using the flat-plate (Bouguer) assumption), which will be easily detectable by MESSENGER.
[70] Our hypothesis thus makes predictions which are potentially testable with planned gravity, magnetic and imaging measurements. One aspect, however, which we have ignored completely is the topography of Mercury. As discussed earlier in the paper, it is difficult to satisfy both shape and gravitational constraints simultaneously, except by invoking deep isostatic compensation. Furthermore, the observed degree-1 contributions [Anderson et al., 1996] cannot be explained by reorientation or despinning (conversely, these contributions do not affect reorientation). Here we have focused on the gravity measurements, as being a more fundamental measure of both the rotational stability and the stress state of a planet. Gravity and topography measurements by MESSENGER will constrain the degree of compensation and tell whether our neglect of topography is a significant defect, or not.
Appendix A: Gravity
A1. Rotational Contributions
[71] In a reference frame rotating with the planet with angular velocity w and the rotation axis aligned with the z axis, the degree-2 harmonic coefficient of the rotational potential is
where R and M are the planet radius and mass respectively. Using the addition theorem [e.g., Arfken and Weber, 1995, p. 746, equation (12.171) ], the harmonic coefficients for a rotation pole with arbitrary spherical coordinates (q R , f R ) can be written as
where d m0 is the Kronecker delta.
[72] The degree-2 harmonic coefficients for the gravitational potential perturbations associated with rotational deformation can be written as
where k 2 T is the degree-2 tidal Love number [Love, 1911] .
A2. Tidal Contributions
[73] In the rotating reference frame described above, the gravitational potential at a point on the planet surface with spherical coordinates (R, q, f) produced by an orbiting body can be written as [Kaula, 1964] 
where G is the gravitational constant, M T is the mass of the tide-raising body, t is time, a is the semimajor axis, W is the longitude of the ascending node at t = 0, v is the argument of pericenter, F 'mp (i) and G 'pq (e) are functions of the obliquity and eccentricity respectively, and ', m, p, and q are integers. The inclination of the orbit of the tide raising body in the adopted reference frame rotating with the planet is equivalent to the obliquity of the planet. In equation (A4), the tidal frequency
is a function of the mean motion, n, and the angular velocity of the planet, w. We set W = 0 by choosing a reference frame with the x axis pointing toward the ascending node at t = 0. The obliquity and eccentricity functions, F 'mp (i) and G 'pq (e), can be found in the work by Kaula [1964, Tables  2 and 3 ]. The eccentricity functions, G 'pq (e), can be written as Hansen functions, X ('À2p+q) À('+1), ('À2p) (e), commonly used in expansions of elliptic motion.
[74] Since the inertia tensor perturbations depend on only the degree-2 gravitational potential coefficients we will consider only the leading order terms with ' = 2 in equation (A4). If the obliquity of the planet is zero, or equivalently, if the inclination of the tide-raising body is zero in our reference frame, we can set W = v = 0 by choosing a reference frame with the x axis pointing toward pericenter at t = 0. In this case, the degree-2 tidal potential can be written as
[75] Reorientation and despinning are expected to occur over timescales that are many orders of magnitude longer than the orbital period, thus we can approximate the tidal potential by considering its time-averaged value over the orbital period. In this case, although equation (A6) is an infinite series, we can ignore the short-period terms which average out to zero. The only terms which do not average out from equation (A6) are the ones with n 2mpq = 0, thus the time-averaged tidal potential becomes
where P q,n 2mpq = 0 indicates that the sum is carried over only the q values for which n 2mpq = 0.
[76] We can compare equation (1) with r = R and equation (A7), which describes the gravitational potential at the planet surface, to show that the only nonzero degree-2 harmonic coefficients are C 20
, and S 21 T 0 (the prime superscript indicates that these coefficients correspond to the case with the rotation and tidal axes aligned with the reference frame). We can write
where m = 0 or 2. The only nonzero obliquity functions, F 2mp (i), for zero obliquity, 0 m 2 and 0 p 2 are F 201 (0) = À1/2 and F 220 (0) = 3 [Kaula, 1964, Table 2 ]. Since F 2mp (0) = 0 for m = 1, we can ignore S 21
. For (m, p) = (0, 1), n 201q = qn = 0 yields q = 0, and for (m, p) = (2, 0), n 220q = (2 + q) n À 2w = 0 yields q = 2(w/n À 1). Thus, the only nonzero harmonic coefficients are given by
where q = 2(w/n À 1) and we use GM T = n 2 a 3 . Since q must be an integer, C 22 T 0 = 0 unless w/n is a half integer. We redefine p as p w/n (we had previously defined p as an integer), and adopt the more commonly used Hansen coefficients instead of the eccentricity functions using G 20q (e) = X 2+q À3,2 (e) = X 2p À3,2 (e) H(p, e). These coefficients are listed in the work by Kaula [1964, . If the planet is not in a spin-orbit resonance for which p w/n is a half integer, then H(p, e) = C 22 T 0 = 0. [77] Although the tidal potential is not axisymmetric, we can describe it as the combination of two axisymmetric potentials with different symmetry axes using the addition theorem (equation (5)). If we define
the harmonic coefficients for an arbitrary orientation of the tidal and rotation axes can be written as
where (q R , f R ) and (q T , f T ) are the spherical coordinates of the rotation pole and the hot pole respectively. In a reference frame with the x and z axis aligned with the tidal and rotation axis respectively, q R = f T = 0 and q T = 90°, and the only nonzero coefficients are C 20
, as expected. The harmonic coefficients for the corresponding tidal deformation are given by
A3. Gravity Coefficients
[78] The initial rotational and tidal planetary figure is established before the lithosphere forms [Melosh, 1977; Willemann, 1984] . We can write the harmonic coefficients associated with this initial rotational and tidal deformation as
where k 2 T * is the tidal Love number for the planet without a lithosphere. In equation (A13),
are the harmonic coefficients for the initial rotational and tidal potentials, where w * , p * , n * , and e * are the initial rotation rate, spin-orbit ratio, mean motion, and eccentricity respectively.
[79] If there are no changes in the rotational and tidal potentials, the planetary figure remains unchanged. Therefore, somewhat counterintuitively, even after the formation of the lithosphere, the gravity coefficients are given by equation (A13) which depends on the Love number for the planet without the lithosphere.
[80] If there are changes to the rotational and tidal potentials due to reorientation or despinning after the lithosphere has formed, these changes create additional perturbations which now depend on the Love number for the planet with the lithosphere, k 2 T . In a reference frame with the x and z axis aligned with the final tidal and rotation axis respectively, the total perturbations can be written as
In equation (A15), the terms with k 2 T * describe the initial rotational and tidal perturbations, while the terms with k 2 T describe the perturbations due to changes in the rotational or tidal potentials. It is useful to rewrite equation (A15) as
where we define the equilibrium (hence the superscript ''EQ'') harmonic coefficients In equation (A18), (q R * , f R * ) and (q T * , f T * ) are the spherical coordinates of the initial rotation and hot pole respectively. The equilibrium contributions depend on the final rotational and tidal potentials, while the remnant bulge contributions depend on the initial rotational and tidal potentials. Note that C 21 EQ = S 21 EQ = S 22 EQ = 0 in a reference frame aligned with the final rotation and tidal axes. 
[81] The total gravity coefficients, including loading contributions, C 2m L and S 2m L , can be written as
Replacing equation (5) for an axisymmetric load and equations (A17) and (A18) for the equilibrium and remnant bulge rotational and tidal contributions in equation (A20) yields equation (10) in the main text.
Appendix B: Shape
[82] In a reference frame with the x and z axis aligned with the final tidal and rotation axis respectively, the radial displacement at a point with spherical coordinates (q, f) due to rotational and tidal deformation can be written as 
where h 2 T * and h 2 T are displacement Love numbers for the cases without and with a lithosphere respectively. In equation (B1), the terms with h 2 T * describe the initial radial displacement, while the terms with h 2 T describe the radial displacement due to changes in the rotational or tidal potentials. Following the analysis of Appendix A, we rewrite equation (B1) as
where dR EQ ¼ Rh 
In equation (B3), S 2m EQ = 0, C 2m EQ is given by equation (A17), and C 2m RB and S 2m RB are given by equation (A18).
[83] We can compare equations (16), (B2) and (B3) to show that the harmonic coefficients in equation (16) 
where C 0 20 is the harmonic coefficient for the case with the symmetry axis aligned with the z axis and e i = (sinq 0 cosf 0 , sinq 0 sinf 0 , cosq 0 ) is a unit vector that represents the orientation of the symmetry axis. Since rotational deformation is axisymmetric and we can describe tidal deformation as the combination of two axisymmetric deformations, we can rewrite the total inertia tensor (equation (D2)) as 
where the harmonic coefficients for rotational and tidal deformation are given by equations (A1), (A10), and (A19). In equation (D4), e i R *, e i R , e i T *, and e i T are unit vectors in the direction of the initial and final rotation poles, and the initial and final hot poles respectively.
[87] Ignoring the terms in equation (D4) which depend on the final rotational and tidal potentials and the spherically symmetric term, I 0 d ij , which does not affect the ordering of the principal moments, we can write the nonequilibrium inertia tensor as 
If the load is axisymmetric,
where C 20 L 0 is the harmonic coefficient of the load for the case with the symmetry axis aligned with the z axis. We define 
Appendix E: Total Inertia Tensor
[88] The total inertia tensor is given by, I ij = I 0 d ij + I ij NE + I ij EQ , where the equilibrium inertia tensor, I ij EQ , is given by the terms in equation (D4) which depend on the final rotational and tidal potentials: 
